Type 2 diabetes is characterized by a deficit in ␤-cell mass, and its incidence increases with age. Here, we analyzed ␤-cell turnover in islets from 2-to 3-compared with 7-to 8-month-old rats and in human islets from 53 organ donors with ages ranging from 17 to 74 years. In cultured islets from 2-to 3-month-old rats, the age at which rats are usually investigated, increasing glucose from 5.5 to 11.1 mmol/l decreased ␤-cell apoptosis, which was augmented when glucose was further increased to 33.3 mmol/l. In parallel, ␤-cell proliferation was increased by both 11.1 and 33.3 mmol/l glucose compared with 5.5 mmol/l. In contrast, in islets from 7-to 8-month-old rats and from adult humans, increasing glucose concentrations from 5.5 to 33.3 mmol/l induced a linear increase in ␤-cell death and a decrease in proliferation. Additionally, in cultivated human islets, age correlated positively with the sensitivity to glucose-induced ␤-cell apoptosis and negatively to baseline proliferation. In rat islets, constitutive expression of Fas ligand and glucose-induced Fas receptor expression were observed only in 7-to 8-month-old but not in 2-to 3-month-old islets, whereas no age-dependent changes in the Fas/Fas ligand system could be detected in human islets. However, pancreatic duodenal homeobox (PDX)-1 expression decreased with age in pancreatic tissue sections of rats and humans. Furthermore, older rat islets were more sensitive to the high-glucose-mediated decrease in PDX-1 expression than younger islets. Therefore, differences in glucose sensitivity between human and 2-to 3-month-old rat islets may be due to both differences in age and in the genetic background. These data provide a possible explanation for the increased incidence of type 2 diabetes at an older age and support the use of islets from older rats as a more appropriate model to study glucose-induced ␤-cell apoptosis. Diabetes 55: [2455][2456][2457][2458][2459][2460][2461][2462] 2006 
T
he prevalence of type 2 diabetes increases with age due to alteration or insufficient compensation of ␤-cell functional mass in the face of increasing insulin resistance (1) (2) (3) (4) . While the existence of an inadequate adaptation of ␤-cell mass in patients with type 2 diabetes is beyond controversy (5-9), the effect of age on the sensitivity to proapoptotic stimuli of the human ␤-cell remains to be investigated.
Changes in glucose concentrations are key regulators of ␤-cell proliferation and apoptosis. Indeed, graded increases in glucose concentrations induce ␤-cell apoptosis in cultured islets from the diabetes-prone Psammomys obesus and from human islets (10 -13) . In contrast, in islets from 2-to 3-month-old rats, the age at which rats are usually investigated, an increase in glucose concentrations to 11.1 mmol/l promotes ␤-cell survival (10, 14) . When glucose concentrations are further increased, glucose proves to be pro-or antiapoptotic depending on culture conditions (10, 14, 15) . Investigations of ␤-cell proliferation revealed induction of proliferation by glucose in rat, P. obesus, and human islets (10, 11, 16) . Nevertheless, unlike the long-lasting effect in rat islets, only a transient and reduced proliferative response was observed in P. obesus and human islets. Previous studies have shown that ␤-cell replication declines as rodents age and stabilizes at a rate of 1-3% per day (17) (18) (19) or even lower according to recent data (20) . However, ␤-cell turnover in aging humans remains unclear.
In human islets, the mechanism underlying glucoseinduced ␤-cell apoptosis and impaired proliferation involves the upregulation of the Fas receptor, which interacts with the constitutively expressed Fas ligand on neighboring ␤-cells (11, 21) . In an interesting study, Hanke (22) detected expression of Fas ligand in ␤-cells of rats aged Ն6 months, while Fas ligand was not expressed in younger animals. It is not known whether glucose-induced Fas is age dependent.
Pancreatic duodenal homeobox (PDX)-1 is a ␤-cellspecific transcription factor regulating ␤-cell differentiation and secretory function (23) . Furthermore, PDX-1 promotes ␤-cell replication and is cytoprotective (24 -26) . Interestingly, in human pancreatic islets, PDX-1 may mediate deleterious effects of high glucose concentrations (27) . Therefore, we investigated the changes in ␤-cell turnover in relation to age. We show that age correlates with decreased proliferative activity and enhanced sensitivity to glucose-induced apoptosis. In parallel, constitutive expression of Fas ligand and inducible Fas expression appeared along with decreased expression of PDX-1 under normal and glucotoxic conditions. and RT-PCR was performed using the SuperScript Double-Stranded cDNA synthesis kit according to the manufacturer's instructions (Life Technologies, Gaithersburg, MD). For quantitative analysis, we used the LightCycler quantitative PCR system (Roche, Basel, Switzerland) with a commercial kit (Light Cycler-DNA Master SYBR Green I; Roche). The primers were 5ЈCCACCTTG GACCTGTTTAG3Ј and 5ЈTGATGCCAGAGGAAGAGGAG3Ј (human PDX-1), 5ЈGAGGACCCGTACAGCCTACA3Ј and 5ЈCGTTGTCCCGCTACTACGTT3Ј (rat PDX-1), 5ЈTTCTTCTACACACCCA3Ј and 5ЈCTAGTTGCAGTAGTTCT3Ј (insulin), 5ЈAGAGTCGCGCTGTAAGAAGC3Ј and 5ЈTGGTCTTGTCACTTGGCATC3Ј (␣-Tubulin), and 5ЈAACAGCGACACCCACTCCTC3Ј and 5ЈGGAGGGGAGATTC AGTGTGGT3Ј (glyceraldehyde-3-phosphate dehydrogenase). Glucose-stimulated insulin secretion. For acute insulin release in response to glucose, islets were washed and preincubated (30 min) in KrebsRinger bicarbonate buffer (KRB) containing 2.8 mmol/l glucose and 0.5% BSA. KRB was then replaced by KRB 2.8 mmol/l glucose for 1 h (basal), followed by an additional 1 h in KRB 16.7 mmol/l glucose. Islets were extracted with 0.18 NHCl in 70% ethanol for determination of insulin content. Insulin was determined using a human insulin radioimmunoassay kit (CIS Bio International, Gif-Sur-Yvette, France), which has similar affinity for both rat and human insulin. Evaluation and statistical analysis. Samples were evaluated in a randomized manner by a single investigator (K.M.) blind to the treatment conditions. Data were analyzed by Student's t test, by ANOVA with a Bonferroni correction for multiple-group comparisons, or by regression analysis using GraphPad Prism version 3.0 (San Diego, CA).
RESULTS
Distinct effects of glucose-induced changes in ␤-cell apoptosis and proliferation are not species but age dependent. Analysis of human islets cultured for 4 days at 11.1 and 33.3 mmol/l glucose revealed a 2.0-and 2.8-fold increase, respectively, in ␤-cell nuclei with DNA fragmentation (TUNEL positive, Fig. 1A ) versus islets at 5.5 mmol/l glucose. In parallel, ␤-cell proliferation was reduced 1.5-and 2.7-fold by 11.1 and 33.3 mmol/l glucose, respectively (Fig. 1B) . In contrast, exposure of 2-to 3-month-old rat islets to increasing glucose concentrations resulted in an inverse bell-shaped response. The lowest incidence of apoptotic ␤-cell nuclei occurred at a glucose concentration of 11.1 mmol/l and increased 3.6-and 3.0-fold at 5.5 and 33.3 mmol/l glucose, respectively ( Fig. 1C and G) . Proliferation of 2-to 3-month-old rat ␤-cells increased 1.9-and 1.8-fold at 11.1 and 33.3 mmol/l glucose, respectively, compared with islets at 5.5 mmol/l glucose ( Fig. 1D and G) . However, islets from 7-to 8-month-old rats behaved similarly to human islets, with a progressive induction of ␤-cell apoptosis of 1.3-and 2.9-fold by 11.1 and 33.3 mmol/l glucose, respectively, and a 1.4-fold decrease of ␤-cell proliferation at 33.3 mmol/l glucose ( Fig. 1E-G) . Note that the images in Fig. 1G are from whole islets cultured on extracellular matrix-coated dishes and not from sections, explaining the irregular appearance of the staining. Aging correlates with enhanced sensitivity to glucose-induced ␤-cell apoptosis and decreased baseline proliferation. Since the incidence of diabetes increases with age, we were interested to know whether this correlates with changes in the proliferative capacity and in the sensitivity to glucose-induced apoptosis of ␤-cells. Therefore, we analyzed baseline and glucose-stimulated apoptosis and proliferation rates of ␤-cells from cultivated islets from 53 organ donors aged 17-74 years. Mean baseline ␤-cell apoptosis at 5.5 mmol/l glucose after 4 days of culture was 0.43% TUNEL-positive ␤-cells and did not significantly change with age ( Fig. 2A) . However, there was a significant correlation between the age of the donor and the sensitivity to glucose-induced apoptosis (Fig. 2B) . In contrast, the baseline proliferation rate of cultured human ␤-cells was negatively correlated with increasing age of the donor, whereas the deleterious effect of glucose on the replicating rate of ␤-cells was age independent (Fig.  2C and D) . These changes in cell turnover were also apparent when the data were grouped according to age: the ratio of the percentage of TUNEL-positive ␤-cells at 33.3 mmol/l glucose versus control incubations at 5.5 mmol/l glucose increased 1.6-, 1.9-, and 2.2-fold in the age-groups 26 -49, 50 -60, and 61-74 years, respectively, compared with the 17-to 25-year age-group (Fig. 2E) . In parallel, ␤-cell proliferation at 5.5 mmol/l glucose decreased by 1.5-, 2.1-, and 5.4-fold and at 33.3 mmol/l glucose by 1.9-, 2.2-, and 5.7-fold in the age-groups 26 -49, 50 -60, and 61-74, respectively, versus the 17-to 25-year age-group (Fig. 2F) . Age-dependent appearance of the Fas/Fas ligand system in rat but not in human islets. In human islets, the mechanism underlying glucose-induced ␤-cell apoptosis and impaired proliferation involves the upregulation of Fas, which interacts with constitutively expressed Fas ligand on neighboring ␤-cells (11) . Therefore, we hypothesized that age-dependent changes in Fas and Fas ligand expression could explain differences in ␤-cell apoptosis and proliferation seen in rats of different ages. Double immunostaining of cultivated islets from 2-to 3-month-old rats revealed neither expression of the Fas receptor nor of Fas ligand at different glucose concentrations (Fig. 3A and  B) . In contrast, ␤-cells from 7-to 8-month-old rats constitutively expressed Fas ligand at low and high glucose concentrations ( Fig. 3A and B) . Moreover, similar to human ␤-cells (11), glucose-induced expression of Fas at 11.1 mmol/l (data not shown) and 33.3 mmol/l glucose concentrations (Fig. 3A) compared with 5.5 mmol/l (Fig.  3A) . Age-dependent Fas receptor and Fas ligand expression was confirmed by Western blot analysis of lysates from 2-to 3-and 7-to 8-month-old rat islets cultured in suspension at 5.5, 11.1, and 33.3 mmol/l glucose (Fig. 3B) . After 30 and 96 h of culture, Fas ligand was present in the 7-to 8-month-old rats at all glucose concentrations but not in the 2-to 3-month-old rats. Fas receptor was upregulated in the 7-to 8-month-old rats by 11.1 and 33.3 compared with 5.5 mmol/l glucose after 30 h and at higher levels after 96 h of culture. Finally, Fas receptor was almost undetectable in the islets of 2-to 3-month-old rats cultured at low or high glucose concentrations for 30 or 96 h. In contrast to the rats, in human islets, Fas ligand was already present at 5 days of age (for representative images see Fig. 3F ), and no change in expression levels could be detected with age (Fig. 3C) . We also performed analysis for the Fas receptor in humans at different ages from 5 days to 71 years. No Fas staining was detectable in human islets cultured at 5.5 mmol/l glucose (Fig. 3C ) and in human pancreatic sections from nondiabetic individuals (Fig. 3F) . Increasing glucose concentrations induced Fas receptor upregulation, but no age-dependent differences could be quantified (Fig. 3D) . In parallel, ␤-cell secretory function was analyzed. Glucose-stimulated insulin secretion decreased with age in rats and in humans (Fig. 3E) . ␤-Cell expression of PDX-1 decreases with age. We next studied the influence of aging on PDX-1 expression under normal and glucotoxic conditions. ␤-Cell expression of PDX-1 was strongly decreased in islets of 7-to 8-monthold rats compared with younger rats. This was observed by Western blotting of cultured islet lysates (Fig. 4A) , quantitative RT-PCR (Fig. 4B) , and by immunostaining of tissue sections (Fig. 4C and D) . In contrast, insulin mRNA was not changed (Fig. 4B) . Exposure of the islets to increasing glucose concentrations for 30 and 96 h decreased PDX-1 expression in 7-to 8-month-old islets whereas in 2-to 3-month-old islets, a decrease occurred only after prolonged culture for 96 h but not after 30 h (Fig.  4A) . Subsequently, we analyzed tissue sections from necropsies of 18 human pancreata from nondiabetic individuals aged from 5 days to 76 years. PDX-1 was clearly expressed in ␤-cells of young individuals, whereas it was barely detectable in pancreata of old individuals (for representative images, see Fig. 4E ). Quantitative analysis of the intensity of the PDX-1 staining revealed a significant negative correlation between the age of the patients and PDX-1 expression (Fig. 4F) . Finally, PDX-1 and insulin mRNA expression levels from 23 human islet isolations were studied and also revealed a negative correlation of PDX-1 expression with age, both compared with tubulin (Fig. 4G) or glyceraldehyde-3-phosphate dehydrogenase (data not shown), whereas insulin mRNA expression did not correlate with age (Fig. 4H) .
DISCUSSION
Aging is a major risk factor for the development of type 2 diabetes. In cultured human islets, aging was negatively correlated with baseline ␤-cell proliferative activity, which was further decreased by high concentrations of glucose independent of the age of the donor. Moreover, aging positively correlated with enhanced sensitivity to glucoseinduced apoptosis. These in vitro observations are supported by Butler et al. (6) who show a trend for decreased ␤-cell replication with age. Thus, the limited adaptive capacity of aging ␤-cells may contribute to the risk of developing type 2 diabetes, as observed in elderly patients.
Many differences exist between rat and human islets that are usually attributed to differences in the genetic background. Indeed, islets from 2-to 3-month-old rats and human islets responded differently to glucose-induced changes in cell turnover. However, while 2-to 3-month-old rats are often considered to be adult, this is certainly not the case in many aspects, including linear growth. No striking cell cycle differences were apparent when comparing human islets and islets from rats aged Ͼ6 months. This can be explained partly by the appearance of the Fas/Fas ligand system. Indeed, Fas ligand is constitutively expressed by ␤-cells from rats aged Ն6 months but not in younger rats, as previously shown (22) and confirmed in the present study. Similarly, glucose-induced Fas expression occurred only in ␤-cells from 7-to 8-month-old rats and not at 2-3 months. Therefore, differences between human islets, usually emanating from adult organ donors, and rodent islets may be due to differences in age and not in genetic background. However, in human ␤-cells, Fas ligand and upregulation of the Fas receptor by chronic exposure to increased glucose concentrations were present at each age analyzed. Therefore, some intrinsic genetic differences in the proliferative capacity between the species may exist in addition to the role of age.
In human islets, baseline ␤-cell proliferation decreased with age. Furthermore, prolonged exposure to 33.3 mmol/l glucose decreased ␤-cell proliferation of cultured islets from 7-to 8-month-old rats and from adult humans. In parallel, both aging and prolonged exposure to glucose were associated with decreased expression of PDX-1. Interestingly, islets from 2-to 3-month-old rats displayed a reduced expression of PDX-1 only following a 96-h exposure to high glucose but not after 30 h. Therefore, changes in PDX-1 activity may contribute to these changes in proliferation rates. Supporting this notion, PDX-1 has been shown to be important for ␤-cell replicative activity and survival (24 -26) . Furthermore, chronic exposure of cultured human pancreatic islets to high glucose lowers the activity of PDX-1 (27) . Yet, our data are correlative, and a causative proof remains to be shown.
The observed changes in ␤-cell turnover most probably did not result in significant changes in ␤-cell area in vitro. Indeed, a 4-day exposure of islets to elevated glucose concentrations induced changes in apoptosis and proliferation in only 1-2% of the ␤-cells. However, these findings may be relevant for the in vivo situation. Indeed, a net change of Ϯ1% in cell turnover will lead to a doubling or 50% decrease in ␤-cell mass within 3-4 months. Such impressive changes in ␤-cell mass may occur in vivo over a similar time period (e.g., during obesity) (6) . Nevertheless, in parallel to changes in ␤-cell turnover, aging is associated with a progressive decrease in ␤-cell function, as previously described (2, 30) and confirmed in the present study.
In conclusion, we demonstrate that there is a progressive impairment in ␤-cell turnover with age, characterized by decreased baseline proliferation and enhanced sensitivity to glucose-induced ␤-cell apoptosis. This impairment is associated with decreased PDX-1 activity. Furthermore, in rat islets, appearance with age of the Fas/Fas ligand pathway parallels changes in sensitivity to glucose-induced apoptosis and decreased proliferation. Therefore, changes in ␤-cell plasticity may be a predisposing factor to the development of diabetes in elderly subjects. Finally, islets of older rats may be a more appropriate model than younger islets to study glucose-induced ␤-cell apoptosis.
